The levels of glucose, sugar phosphates, and adenosine phosphates were determined in primary leaves of intact bean plants during normal senescence and compared to leaves in which senescence was delayed by application of benzyladenine (BA). In both cases there was a rise with time in the levels of glucose 1-phosphate, glucose 6-phosphate, and fructose 6-phosphate, and a decline in 2-phosphoglyceric acid, inorganic phosphate, and the adenosine phosphates (AMP, ADP, ATP). The levels of fructose 1,6-diphosphate remained fairly constant. Although the levels of hexose phosphates, adenosine phosphates, and inorganic phosphate were lower in the BA-treated leaves, the incorporation of 32P into these compounds by 3-and 6-week-old plants was higher than in the controls. These results suggest that the retardation of leaf senescence by BA in intact bean plants is associated with increased utilization of metabolites, indicating a more rapid turnover of the adenosine phosphates. It is concluded that this effect is brought about by a regulatory coordination of metabolic processes in relation to energy production and utilization.
During leaf senescence there is a decline in the levels of chlorophyll, protein, and RNA (10, 12) , associated with the loss of mitochondrial function and phosphorylative activity (13, 25) . In 1957 Richmond and Lang (21) reported that kinetin retarded senescence of detached Xanthium leaves. It has since been demonstrated that various growth substances, particularly the cytokinins, are capable of delaying senescence of detached leaves (16) and intact plants (10) .
It has been suggested that increased longevity due to N6-benzyladenine treatment may be a consequence of enhanced nucleic acid and protein metabolism (10, 12) and a decrease in respiration (9) via the inhibition of respiratory kinases (24) . However, the retardation of lettuce leaf senescence by BA8 was not always associated with a reduction in respiration (14) . MacLean and Dedolph (19) using 2,4-dinitrophenol for studies of respiration in broccoli concluded that retardation of leaf senescence was due to conservation of ATP rather than inhibition of respiration per se.
The present study investigates the effects of BA on retardation of leaf senescence in relation to the levels of glycolytic intermediates and adenosine phosphates. This provides further information on the role of BA in the production and utilization of energy in aging leaves on the intact plant. (18) . Studies of 32p Incorporation. KH2PO4 (specific radioactivity, 50 mc/mmole) as a 0.1-ml droplet containing 10 ,uc of 32p was fed to the primary leaves. At predetermined periods each leaf was weighed, repeatedly rinsed in water to remove unabsorbed radioactivity, and extracted as described above. An aliquot of the supernatant was plated on planchets, and the radioactivity was determined with a gas flow counter. The rest of the sample was passed through the column.
MATERIALS

RESULTS
Leaf Growth. The weight of the water-treated leaves remained practically constant over the study period, while that of the BA-treated leaves steadily increased with plant age. The treated leaves consistently weighed more than the control leaves, with the percentage increases being 9 at week 3, 23 at week 4, and about 40 at weeks 5 to 7 (Table I) . With the onset of flowering at 5 weeks the control leaves started to yellow while the treated leaves remained green. Leaf area did not change either with age or with BA application. There was no apparent difference in percentage dry matter; hence levels of metabolites are expressed on fresh weight basis.
Effects of Age and BA on the Levels of Metabolites. When the levels of the compounds are expressed on a per gram fresh weight basis (Fig. 1) , glucose and hexose monophosphates increased with age in the control leaves, while in the BA-treated leaves there was no apparent difference until week 6, but they tended to increase by week 7 . In both the water-and BA-treated leaves fructose-I , 6-diP remained fairly constant till week 6, but at week 7 there was a sharp drop in the water-treated leaves. In both treatments glycerate-2-P, Pi, ADP, and ATP declined with age.
Levels of all the compounds studied ( Fig. 1) were generally lower in the BA-than in the water-treated leaves, except glycerate-2-P, which was consistently higher in the BA leaves. ATP levels were about equal in water and BA leaves until week 5. After this time with the onset of senescence in the control leaves the ATP levels were lower in the BA leaves. The general decreases due to BA observed in the levels of these compounds did not result from differences in size between control and BA leaves, since the total amounts per leaf showed essentially the same trends. (16) . On the other hand, since the level of glycerate-2-P was higher in BA-treated leaves (Fig. 1) , it seems more likely that there was a rapid rate of glycolysis accompanied by increased utilization of intermediates which are in high demand in rapidly metabolizing tissues (4, 22) . Furthermore, the higher levels of the other phosphorylated compounds, particularly the adenosine phosphates, in the water-treated leaves, implies accumulation due to a lack of utilization. A high concentration of ATP, for example, has been found to inhibit glyceraldehyde-3-P dehydrogenase (20) , to decrease the affinity of citrate synthetase for acetyl-CoA (4), and to be associated with growth inhibition by high concentrations of growth retardants (2) .
MacLean and Dedolph (19) suggested that the mode of action of cytokinins in respiration and senescence retardation was a conservation of ATP. In our studies, the levels of the phosphorylated compounds (Fig. 1) , particularly the adenosine Plant Physiol. Vol. 46, 1970 phosphates, are lower in the BA-treated leaves, but the incorporation of 32p into these compounds (Table III, Fig. 2 ) is higher. Therefore, we conclude that retardation of leaf senescence by BA is associated with greater utilization rather than conservation of these compounds, indicating a more rapid turnover. The effect of BA on 32p incorporation by 6-week-old leaves was not essentially due to the differences between green and yellow tissue since there was a similar effect in 3-week-old leaves (Table III) prior to the onset of senescence, indicating a specific BA effect regardless of leaf age. However, this stimulatory effect of BA, for example, on the specific activity of ATP, was lower in 3-weekold leaves (2-fold) than in 6-week-old leaves (12-fold) when the control plants were in an advanced stage of senescence.
Metabolic parameters other than the levels of nucleotides and intermediates have been used to characterize the energy or functional state of the cell. These include: (a) the e/2 ratio (8), which is the mean number of high energy phosphate bonds per molecule of nucleotide and is quantitatively expressed (2 (ATP) + (ADP))/((ATP) + (ADP) + (AMP)); (b) the "energy charge" of the adenylate system (5), which is the number of anhydridebound phosphates per adenosine moiety and is quantitatively expressed as ((ATP) + 0.5 (ADP)) /((ATP) + (ADP) + (AMP)). In the present study, the e/: ratio was 0.75 for waterand 0.90 for BA-treated leaves. However, with age, there was very little difference in this ratio, a finding similar to that of Weinstein et al. (26) with young, mature, and senescent bean leaves. It should be pointed out that while the use of "energy charge" may be quite useful, the complexity brought about by the additional factor of photophosphorylation in the leaf should be recognized. The "energy charge" showed a similar pattern with age and was 0.38 and 0.46 for water-and BA-treated leaves Glucose-l-P respectively. The BA enhancement effect on the e/X ratio or on the "energy charge" changed from 5 % at week 3 to 27% at weeks 5 to 7. The relatively low percentage changes of these parameters during senescence, compared to those reported for other metabolites, may result from the active participation of kinases and regulatory mechanisms that maintain the energy status of the nucleotide system (26) ; and only a small change in the ATP system is required for metabolic regulation (6) . The BA effect may therefore be interpreted as being due to the conferring of maximal flexibility in regulating rates of biosynthetic sequences, thus bringing about an orderly metabolic coordination between energy production and energy utilization for biosynthetic and growth processes. This interpretation is consistent with 617 our earlier hypothesis that BA-induced longevity in the primary leaves on intact bean plants is a result of metabolic self-sustenance (1) associated with a high retention of photosynthate (11) .
